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SUMMARY
In a CNS-derived cell line, the cellular response to hormonal stimulation, represented by the rise of intracellular cAMP levels, is impaired under the influence of a persisting neurotropic virus infection. This dysfunction is caused by the decrease in adenylate cyclase activity, most probably due to the virus-induced loss of active catalytic units.
Subacute sclerosing panencephalitis (SSPE) is a rare neurological disease occurring in children and young adults. After months of slowly progressive illness it is always fatal. A measles-like paramyxovirus, isolated from brain tissue has been implicated in the aetiology of the disease (for reviews, see Agnarsdottir, 1977; ter Meulen et al. I97Z) .
In SSPE -as in some other chronic neurological diseases with viral aetiology -it is still a matter of discussion whether the virus plays a direct pathogenetic role or whether virusinduced immune reactions are secondarily responsible for the functional lesions observed and the characteristic degeneration of brain tissue.
It is well known that paramyxovirus particles -including SSPE virus -leave their host cells by budding from the cell membrane (Dubois-Dalcq & Reese, I975; Kratzsch et al. 1977) . Virus coded proteins are integrated into the cell membrane and are detectable by immunofluorescence. These virus proteins might induce specific or unspecific disturbances of the normal microstructure of the cellular membrane, thus creating the molecular basis for an impairment of highly specialized membrane-bound cellular functions. In order to study this possibility in a chronic SSPE virus infection without the complication of immunological reactions, we established a persistent infection with SSPE virus in the rat glioma cell line C-6 (ATCC, CCLIo7; Benda et al. I968). The membranes of these cells were shown to possess fl-adrenergic receptors (Gilman & Nirenberg, I97I) ; the binding of catecholamines, such as noradrenaline or isoproterenol, is followed by an increase up to Iooo-fold in the concentration of intracellular 3' : 5'-cyclic adenosine-monophosphate (cAMP). This cellular response is the result of an as yet undetailed membrane bound process which requires intact membrane substructures. We were interested to find out whether a persistent infection with SSPE virus would have any influence on this sensitive membrane function.
C-6 cells were cultured in plastic tissue culture flasks in Dulbecco's modified Eagle's medium (DMEM) with IO ~o foetal calf serum (FCS) in a ro ~o CO2/9o ~o air atmosphere and were passaged by trypsinization. Infection of the cell monolayers with SSPE virus (LEC strain) was done at a multiplicity of o.2 infectious units per cell in DMEM containing io ~o FCS. After z4 h, the virus suspension was removed, the cells were passaged by trypsinization and allowed to grow under normal culture conditions. The state of infection of the cell culture was determined for each passage by means of an indirect immunofluorescence test with a patient's anti-SSPE serum and an FITC conjugated anti-human y-globulin antibody. In order to estimate the total number of infected cells, intracytoplasmic virus ribonucleoprotein (RNP) was assessed by fixing cells with acetone before treatment with 0o22-I317/79/oooo-3377 $o2.oo ©1979 SGM antisera against SSPE virus antigens (Kratzsch et aI. I977). The number of cells bearing virus antigens inserted in their cell membranes was determined by membrane immunofluorescence tests using living cells for reaction with antisera (Kratzsch et al. I977) .
For about I6o days (33 passages) virus antigens could be detected in only a few cells of the culture. Then, abruptly, infection spread over the whole population; almost every cell showed virus antigens in the cytoplasm or on the cell membrane. After a few passages, the number of cells bearing virus antigens decreased again to less than i ~ of the cells in culture. During the following z6o days (42 passages), such oscillations could be observed repeatedly, showing a different time course for the presence of membrane and intracytoplasmic antigens. Similar oscillation phenomena are well known in other systems where viruses persist in cultured cells (Wiktor & Clark, I97z; Hotchin, I973) .
During the whole observation period of 4zo days (75 passages), infectious virus was found in the culture mettium. In culture phases, when high percentages of cells exhibited virus antigens on their cell membranes, the cellular growth rate was considerably slowed down. Cultures with only a few antigen bearing cells showed no difference in this respect compared with uninfected controls. The viability of the single cell was not altered whether it was infected or uninfected.
To test for r-receptor dependent adenylate cyclase activity only cultures showing membrane located virus antigens in IOO ~oo of the ceils were employed. SSPE virus-infected and uninfected cells were grown on tissue culture dishes (I.5 x 9 cm) for 24 h. The monolayers were washed twice with serum-free DMEM and incubated with 5 ml DMEM without serum, containing various concentrations of o,L-isoproterenol. After 30 min, the medium was removed and the cells were washed twice with ice cold tris/EDTA buffer (0"o5 M/o.oo4 M, pH 7"5) before I ml 5 ~ TCA was added to each plate. The denatured cells were collected together with the TCA supernatant. After centrifugation at 2ooo g for Io min, the pellet was re-dissolved in I M-NaOH and the protein was determined (Lowry et aL I950. The supernatant was freed from TCA by ether extraction, dried by lyophilization and cAMP concentrations determined according to the method given by Gilman (I97o). Specific cAMP levels were calculated as pmol cAMP per mg protein. Fig. I (a) shows the cAMP concentrations in SSPE infected C-6 cells as compared to uninfected control cells in the presence of isoproterenol concentrations varying from 1o -7 to Io -3 M. Both curves show the same threshold at an isoproterenol concentration of about 5 × Io -6 M; beyond this point the cAMP level rises steeply and reaches a maximum at an isoproterenol concentration of Io -5 M. The maximum values of intracellular cAMP which can be achieved in uninfected control cells are more than twice as high as those in C-6 cells persistently infected with SSPE virus.
An optimal isoproterenol concentration of Io -5 M was chosen (see Fig. I a) for receptor stimulation. Fig. I (b) shows the kinetics of the isoproterenol-stimulated increase in specific cAMP concentrations in SSPE virus-infected and control C-6 cells. SSPE-virus infected cells at no time showed the same levels of intracellular cAMP as uninfected controls.
Experiments in which the cAMP degrading enzyme was blocked by 3-isobutyl-I-methylxanthine (IBMX; Ashcroft et al. I973; Peytreman et aL I973; Schultz & Hamprecht, 1973) , showed that the virus infection did not activate this specific phosphodiesterase (data not shown).
In the above experiments, the concentration of cAMP in the medium was determined during exposure to isoproterenol. Total amounts never exceeded 5 ~ of intracellular cAMP (data not shown). Thus, it seems that the efflux of intracellular cAMP plays no significant role in lowering cAMP levels in either SSPE virus infected or uninfected C-6 cells. Therefore, we have come to the conclusion that SSPE virus infection must have some depressing effect on the cAMP synthesis.
In order to answer the question whether the impairment of the cAMP response in SSPE virus-infected C-6 cells is due to a functional lesion of the fl-receptor itself or of the adenylate cyclase enzyme, we determined the activity of the F--stimulated enzyme in partially purified homogenates of infected and uninfected C-6 cells.
A particulate cell fraction was prepared according to the procedure described by Shear et al. 0976). The assay mixture for adenylate cyclase activity tests contained ATP (concentrations shown in Fig. 2) , 2mM-IBMX, iomM-MgCl2, IomM-NaF, 2omM-creatine phosphate, 5o/~g creatine phosphokinase, io/zg rabbit muscle myokinase (Boehringer, Mannheim, Germany) and membrane preparation at a final protein concentration of 2oo to 3oo #g per 2oo #1 total test volume. The enzyme reaction was terminated by adding TCA to a final concentration of 5 ~. cAMP was determined according to the method given by Gilman 097o). Fig. 2 shows that the adenylate cyclase activity of a particulate cell fraction tested with various ATP concentrations 0oo, 5oo, IO00#M) under standard assay conditions by stimulation with NaF is drastically reduced in SSPE virus-infected cells (Fig. 2b) as compared to uninfected controls (Fig. 2a) . From these data it is not possible to distinguish whether the observed loss in overall adenylate cyclase activity is due to a decrease of the activity of the single enzyme unit or whether the total number of functional enzyme molecules per cell is significantly reduced. Fig. 2(c) shows the Michaelis-Menten kinetics for various ATP concentrations using the Lineweaver-Burk plotting method. Adenylate cyclase from SSPE virus-infected and uninfected C-6 cell particulate fractions exhibit identical Michaelis-Menten constants (Kin = 5"7 x io -5 M). These data seem to indicate that the observed decrease in activity of F--stimulated adenylate cyclase in membrane preparations of SSPE virus infected C-6 cells could be caused by a loss of functional enzyme molecules rather than by alterations in the activity of the single enzyme unit.
This in vitro reduction of specific adenylate cyclase activity in SSPE virus infected C-6 cells is extensive enough to explain the proportion of the decrease in the cAMP synthesizing capacity of persistently SSPE virus-infected C-6 populations observed in vivo after /5'-receptor stimulation with catecholamines. Even if preliminary experiments show that the relative loss of activity in cAMP synthesis tested in the membrane preparations of SSPE virus infected cells as compared to uninfected controls has approximately the same order of magnitude whether stimulated by NaF or by isoproterenol, we cannot completely exclude the fact that there is an additional virus influence on the p-receptor function itself. Experiments to determine the binding of catecholamines are under way.
The impairment of the membrane receptor mediated signal transfer, reported here for SSPE virus infected C-6 cells is not unique. An analogous situation exists in C-6 ceils persistently infected with canine distemper virus (CDV; our unpublished data). In mouse neuroblastoma x rat glioma hybrid cells infected with rabies virus the cellular response to a variety of hormones or hormone-like substances is also impaired. However, in these cells, rabies virus seems to have a selective influence on the activity of special membrane receptors without altering the adenylate cyclase activity (in preparation). It seems obvious that the impairment of the capability of persistently infected cells to react to neurohormones or neurotransmitters or to synthesize such substances (Oldstone et aL I975, I977 ) might be of some physiological importance.
In a recent report, Hotchin & Seegal (1977) showed that infection of immunotolerant neonatal mice with lymphocytic choriomeningitis virus (LCM) causes distinct alterations in 
